Fatigue tests of a high carbon chromium steel were performed using rotating bending and ultrasonic axial cycling. Fatigue crack initiated at specimen interior for very-high-cycle fatigue (VHCF) with fish-eye pattern embracing fine-granular-area (FGA) originated from inclusion. The fatigue life from FGA to fish-eye and from fish-eye to the critical crack size was respectively calculated, so as to estimate the fatigue life contributed by FGA. The crack extension rate within FGA was also estimated. Our results demonstrated that the formation of FGA is responsible for a majority part of total fatigue life.
Introduction
The topic of very-high-cycle fatigue (VHCF), i.e. the process of fatigue failure beyond 10 7 cycles of loading, has attracted an increasing number of investigations in recent years. The progress of the research on this topic has been summarized in the recent reviews [1] [2] [3] [4] [5] . On one hand, this trend is driven by the modern engineering requirement that the design lifetime of many components exceeds 10 7 loading cycles. On the other hand, the behavior of VHCF process, especially the propensities of crack initiation and early growth, differs from what prevail in low-cycle and high-cycle fatigue regimes, and has yet to be clearly understood. It is known that for VHCF of high strength steels, cracks are prone to initiate at specimen subsurface or interior with a distinct feature of so-called ''fish-eye'' embracing ''fine-granular-area (FGA)'' [6] [7] [8] (also called ''optical-dark-area'' [9] or ''granularbright-facet'' [10] ) originated from an inclusion. (Acronym FGA is used in what follows.) The formation of FGA and fish-eye, i.e. the stage of crack initiation and early growth of VHCF, almost dominates the fatigue life [11] [12] [13] [14] [15] . During this ultra-long period of cycling, the crack extension rate at its initiation and early growth is estimated as the order of magnitude between 10 À11 and 10 À12 m/cycle [9, 12] . Based on the premise that the fracture mechanics parameter of stress intensity factor is applicable for fish-eye and FGA, there is an interesting tendency that the values of stress intensity factor range for fish-eye and FGA almost keep constant for high strength steels [6, 8, 13, [16] [17] [18] , with the latter comparable to the threshold value of fatigue crack initiation [6, 17, 18] .
The investigations of VHCF behavior were therefore based on the essential characteristics related to fish-eye and FGA so as to explain the dominative mechanism of VHCF damage, and to predict the fatigue strength and fatigue life for the fatigue process containing VHCF regime [11, [19] [20] [21] [22] [23] [24] . Some models have correlated the fatigue strength to the sizes of FGA and inclusion from which the crack originates [11, 19, 20] , some have taken into account the plastic zone size at the front of initial crack [21, 22] and some have been based on the probability or cumulative concept for the simulation [22] [23] [24] . Although these models were empirical, they reflected, to some extent, the mechanism of crack initiation and early growth for VHCF.
In this paper, fatigue tests on a high carbon chromium steel were performed with rotating bending and ultrasonic fatigue testing methods for the further investigation on the propensities of crack initiation and early growth for high cycle and VHCF. The fractography of broken specimens was examined via scanning electron microscopy, showing that fatigue crack initiated at specimen interior for VHCF with fish-eye pattern embracing FGA originated from inclusion. The fatigue life from FGA to fish-eye and from fish-eye to the critical crack size was respectively calculated, so as to estimate the fatigue life contributed by FGA. The values of stress intensity factor range at FGA and fish-eye were calculated, and the crack extension rate within FGA was estimated. Combined with our previous results [8, 17, 21, 22, 25] and those available in literature [13, 16, 20, 26] , we explained that the crack growth process in the early stage of VHCF, namely the formation of FGA, is responsible for a majority part of total fatigue life. The very small value of crack extension rate within FGA was further discussed in the light of Tanaka-Mura model [27] . Lastly, the large scattering of fatigue life was also discussed.
Experimental procedure
The test material of this investigation is a high carbon chromium steel with the main chemical compositions of 1.06%C and 1.04%Cr (Fe balance). Two types of hour-glass shape specimens were machined from the annealed material bar. The dimensions of the specimens are shown in Fig. 1 . The hour-glass shape specimens enable the calculation and the control of the applied stress at the minimum section where the fatigue failure is always located. Such specimens were heat-treated: austenitized at 845°C for 2 h in vacuum, then oil-quenched and tempered for 2.5 h in vacuum at 150°C and 180°C, respectively. The two groups of specimens are named as TT150 (tempered at 150°C) and TT180 (tempered at 180°C). The surface of the diameter reduced part for each specimen was ground and polished to a smooth finish in order to eliminate the machining scratches. The average ultimate tensile strength is 2163 MPa for TT150 and 1849 MPa for TT180, which were obtained from the tensile tests on four specimens (Ø5 mm) per group with the same heat-treatment procedure.
Fatigue tests were performed with two loading schemes, namely rotating bending (RB) and ultrasonic axial cycling (UL).
TT180 specimens were tested via RB method which was accomplished by using a ''Giga-Quad'' machine at room temperature with the rotating speed of 3150 rpm, i.e. the loading frequency being 52.5 Hz. The machine possesses four loading ends and is capable of allowing four specimens to be tested simultaneously. A weight was loaded to the end of each specimen through a fixture as a cantilever type loading with the stress ratio of À1. The applied maximum stress (r max ) for TT180 specimens ranged from 730 MPa to 1150 MPa, so as to gain the whole spectrum of S-N data for the test material.
TT150 specimens were tested via UL method which was conducted by using a Shimadzu USF-2000 at a resonance frequency of 20 kHz at room temperature, with a resonance interval of 100 ms per 500 ms (the testing process interrupted with an interval of 100 ms for every 500 ms) and the stress ratio being À1. Compressive air was used to cool specimen surface during UL testing. The applied maximum stress for TT150 specimens was within a small range between 860 MPa and 880 MPa. This was aimed to examine the scattering characteristics of fatigue strength for the test material.
Fracture surfaces of failure specimens were examined by using a field-emission type of scanning electron microscope (SEM). Local regions of crack initiation were carefully examined. Characteristic dimensions for crack initiation region, i.e. sizes of inclusion, FGA and fish-eye, were measured from SEM photos.
Experimental results
The SEM photos shown in Fig. 2 are an example of the typical morphology of interior crack initiation for a TT180 specimen experienced VHCF subjected to RB loading, for which the dimensions are: inclusion equivalent diameter 2a Inc , with the values of area being measured from SEM photos. Since RB loading leads to the largest stress at specimen surface, the crack initiation of fish-eye formed underneath the surface, grew towards the surface, and then transitioned into the next stage of crack growth. For UL axial cycling of TT150 specimens, the sites for interior crack initiation were randomly distributed in the cross-section of specimen. The SEM photos of Fig. 3 show the fractography of a TT150 specimen subjected to UL cycling. Table 1 lists the measured data of the characteristic dimensions for crack initiation of the two groups of specimens together with the values of the applied maximum stress and the fatigue life (N f ). The fatigue life is defined as the number of loading cycles to the complete failure of the specimen. Fig. 4 shows the results of S-N data for the two groups of specimens, in which the symbol styles indicate the crack initiation mode at surface or from interior of specimen. It is shown in Table 1 and Fig. 4 that, for TT180 specimens subjected to RB cycling, the fatigue life ranged from 10 4 to 4 Â 10
8
; the S-N data present a duplex or step-wise tendency. It is noted that the stress concentration factor is 1.06 at the minimum section of the specimens used for the rotating bending test, and this value is included in the calculation of applied maximum stress for such specimens. For TT150 specimens subjected to UL cycling at almost the same level of the maximum stress (860-880 MPa), the results show a very large scattering of data distribution. The difference of the fatigue life is as large as three orders of magnitude, ranging from 10 5 to 10 8
. The large scattering of fatigue life from this test has been specifically investigated in our recently published paper [28] . The values of stress intensity factor range at the periphery of inclusion (DK Inc ), FGA (DK FGA ) and fish-eye (DK fisheye ) are calculated by using the following equation [10] :
where r max is the maximum applied stress and ffiffiffiffiffiffiffiffiffi ffi area p is the equivalent size of inclusion, FGA or fish-eye. For the inclusion on the fracture surface of the specimen experienced rotating bending test, the maximum applied stress was calculated via r max ( . The values of DK Inc are also shown in Fig. 6 , which are below that of DK FGA , displaying a slightly decreasing trend with respect to failure life. Fig. 6 ). This is consistent with our previous result that the values of DK FGA maintain constant with the average value close to the crack growth threshold (DK th ) [21] .
Here, we added additional data from our previous results obtained from a similar steel [21] and others obtained also from similar steels in literature [13, 16, 20 ,26] to demonstrate the relationship between DK and r max , and the results are shown in (1) and the two curves in Fig. 8 ). This range ) as the median value. The present investigation confirms that the equivalent diameter of FGA is the intrinsic characteristic size of crack initiation for the fatigue crack originating from the interior of specimen. It is proposed that for crack interior initiation mode, there exists an intrinsic characteristic size related to DK th . In some cases, the pattern of this size is clearly observed like FGA. However in other cases, although the pattern of this size is not clear, the size intrinsically exists. Based on this, one is able to estimate the fatigue life contributed by crack initiation and early growth, and to estimate the crack extension rate in the crack initiation stage within FGA. Fig. 9 is a schematic drawing to illustrate the general picture of fatigue crack origination from the interior of specimen as shown in Figs. 2 and 3. As revealed by the present results together with previous ones, the value of DK FGA corresponds to that of DK th . It is assumed that Paris relation is acceptable to describe the crack growth process after DK th . Therefore, Paris equation is used to calculate the fatigue life from the boundary of FGA to that of fish-eye (N 1 ) and the fatigue life from fish-eye to the critical boundary given by the fracture toughness of the material (N 2 ). The equations for N 1 are: ), which were fitted by the least square method with the fatigue crack growth data in Paris region for a similar type of steel in Ref. [10] . Thus, the values of A and m were used in the fatigue life estimation.
Estimation of fatigue life for FGA
The results of N 1 and N 2 for each specimen of the two groups are listed in Table 2 . Therefore, the fatigue life contributed by crack ini-
The values of N i /N f for each specimen of the two groups are obtained (listed in Table 2 and plotted in Fig. 10) . A group of our previous data [21] are also added to Fig. 10 . For the sake of clarity, the data of N f are again listed in Table 2 .
It is observed from Fig. 10 and Table 2 that the value of N i /N f increases dramatically with total fatigue life (N f ). The crack initiation life (N i ) contributed by the formation of FGA is less than 70% when the total fatigue life is below 10 6 cycles. For total fatigue life between 10 6 and 10 7 cycles, the ratio of N i /N f increases to the range between 70% and 95%, and for the total fatigue life beyond 10 7 cycles, i.e. the fatigue including VHCF regime, the value of N i /N f is larger than 95%. Especially for the total fatigue life above 5 Â 10 7 cycles, the value of N i /N f is larger than 99%. It is evident that for fatigue damage including VHCF regime, the fatigue life is almost consumed by the crack initiation process of FGA formation.
Estimation of crack extension rate within FGA
The values of average crack extension rate within FGA were readily calculated from the FGA size and the fatigue life consumed by this region, and the results are shown in Fig. 11 À13 m/cycle. Here, the model of blocking dislocations at an inclusion is used to discuss the small value of fatigue crack extension rate within FGA. For this, the model proposed by Tanaka and Mura [27] is introduced, which takes into account the resistance effect of irreversible dislocations, so as to demonstrate the reduction of fatigue strength due to the existence of inclusion and to evaluate the fatigue crack initiation life:
where N i is the number of cycles related to crack initiation, G is the bulk shear modulus of matrix, W s is the specific fracture energy, Ds is the range of local shear stress, s f is the friction stress that needs to be overcome for the dislocation movement, and a Inc is the radius of inclusion. This model was once used for VHCF crack initiation with FGA [29] . Based on the von Mises yield criterion, Ds and s f are ex- Present data Shiozawa K et al [13] Li W et al [16] Liu Y et al [20] Zhao A et al [21] Li Y et al [26] Size of FGA, m pressed as the function of loading stress Dr and fatigue limit Dr R [29] :
Dr ð5Þ
For a large number of data for VHCF crack initiation with FGA of high strength steels, the fatigue strength at 10 7 cycles of loading is 0.468 r b [2] (r b is tensile strength), and the fraction of activated irreversible dislocations is small during each loading cycle [30] . Thus, it is assumed that the fraction of irreversible dislocations p is dependent on the stress level, namely:
where A 0 and a are the parameters fitted by experimental data. Thus the formula for the fatigue life with inclusion initiation is written as:
Eq. (8), based on the Tanaka-Mura model, conveys the variation of fatigue crack initiation life as a function of related inclusion size. Fig. 12 is a schematic showing that a larger value of inclusion size a Inc;2 evidently induces a shorter value of fatigue life and a faster crack extension rate. From Eq. (8), the fatigue crack extension rate da Inc /dN for a crack with the equal length of a Inc can be estimated by da Inc dN ¼ lim
In fact, Eq. (9) is further derived by taking the deviation of inclusion size, such that:
Eq. (10) expresses the resultant fatigue crack extension rate due to fatigue failure originated from inclusion. Note that the minus sign in the right hand side of Eq. (10) means a larger inclusion will Table 2 Results of da/dN within FGA, N 1 , N 2 , and N i for TT150 (UL-1-UL-13) and TT180 (RB-1-RB-8) specimens. result in a lower crack extension rate which is also referred to Fig. 12 . Note also that the value of Dr R is insensitive to the result and we take this value as 90% of the fatigue strength at the fatigue life of 10 8 cycles, which is 783 MPa for TT150 specimens and 666 MPa for TT180 specimens. With the experimental data of the maximum applied stress, fatigue life, inclusion size and the value of Dr R , the values of average crack extension rate are readily calculated. These results are also shown in Fig. 11 , which are compared with the data estimated from the present experimental results. It is seen that the data estimated from the Tanaka-Mura model are in fair agreement with the data from experiments except for the two points of TT150 specimens, which suggests that the crack extension rate in FGA region is very low by both approaches; in other words, for VHCF regime, the values of da/dN| FGA are in the range between 10 À12 and 10 À13 m/cycle. As discussed above and illustrated by Fig. 12 , the inclusion size of crack origin has a major effect on the fatigue life. The data shown in Fig. 4 and Table 1 display a large scattering of fatigue life at the same stress level for TT150 specimens. The observations and measurements on the inclusions from which the cracks originate show that the range of inclusion size, 2a Inc , is between 20 and 60 lm (Table 1), and the value is inversely proportional to the fatigue life. For N f between 10 6 and 10 7 , the value of 2a Inc is ranging from 30 to 50 lm. For N f between 10 7 and 4 Â 10 8 (VHCF regime), the value of 2a Inc is ranging from 20 to 30 lm, which is substantially smaller than the size before VHCF regime. It is evident that the inclusion size is responsible for the large scattering of fatigue life, which is the weakest link phenomenon. The effect of inclusion size on fatigue strength and fatigue life was investigated in detail in our parallel paper [28] .
Conclusions
The following conclusions are drawn from the present investigation on the propensities of crack initiation and early growth for high cycle fatigue and VHCF of a high carbon chromium steel.
1. For crack interior initiation for VHCF, there exists a characteristic dimension, i.e. the diameter of FGA, which corresponds to the threshold size of crack propagation. 2. The value of DK FGA is a constant and corresponds to DK th for a given material. The value is between 4 and 6 MPa m 1/2 for the high strength steels.
3. The crack initiation life due to FGA is larger than 95% for the fatigue damage including VHCF regime and is larger than 99% for N f beyond 5 Â 10 7 cycles. 
